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1. INTRODUCTION AND SUMMARY 
The purpose of t h i s  r e p o r t  i s  t o  p re sen t  a set of p a r t i a l  d e r i v a t i v e s  
r e l a t i n g  e n t r y  guidance e r r o r s  t o  touchdown d i s p e r s i o n s .  Two sources  of 
e r r o r s  w e r e  s tud ied ,  i ‘e . ,  guidance system i n i t i a l i z a t i o n  e r r o r s  a t  t h e  
e n t r y  i n t e r f a c e  and i n e r t i a l  measurement u n i t  (IMU) hardware e r r o r s .  These 
two e r r o r  sources  were taken independently of each o t h e r  and no a t t empt  w a s  
made t o  couple t h e  e r r o r  sources .  
MSC/TRW Task A-190, Reference 1, i s  a p p l i c a b l e  t o  Apollo guided e n t r i e s  
with e n t r y  v e l o c i t i e s  less than 27,000 f e e t  pe r  second and f o r  rea l i s t ic  
va lues  of t h e  e r r o r  sources  considered. 
This study, which was conducted under 
I 
Three sets of p a r t i a l  d e r i v a t i v e s  are presented w i t h i n  t h i s  r e p o r t .  O f  
t h e s e  t h r e e , o n l y  t h e  Navigation-Actual (NAV-ACT) p a r t i a l s  are cons tan t  with 
lcSpt.LL L” L - L L V L  11.Cl(+L11.LUd2. ThE ::A:! ACT p a r t i a l  l a  L.t- LLC ---_ iiiua L ~ i t j i i i ~  - 2 - - 2 s 3 - - - A  iLaiic - - - - - - - A .  L-. .-,--^ - -----,:c.. 
because i t  does no t  con ta in  t h e  e f f e c t  of t h e  p e r t u r b a t i o n  on t h e  random 
c o n t r o l  e r r o r s .  
p e r t u r b a t i o n ’ s  e f f e c t  on t h e  c o n t r o l  e r r o r ,  are presented f o r  information 
purposes only.  
The o the r  two sets of p a r t i a l s ,  both of which con ta in  t h e  
One sigma IMU hardware e r r o r s  and real is t ic ,  b u t  a r b i t r a r y ,  va lues  of 
i n i t i a l i z a t i o n  e r r o r s  were used t o  gene ra t e  t h e  touchdown d i s p e r s i o n s .  
Most of  t h e  touchdown d i s p e r s i o n s  were less than i.0 n a u t i c a l  m i l e  and no 
d i spe r s ion  w a s  l a r g e r  than 1.5 n a u t i c a l  m i l e s .  
by d iv id ing  t h e  d i s p e r s i o n s  by t h e  magnitude of t h e  e r r o r  source.  
The p a r t i a l s  were formed 
This  r e p o r t  p a r a l l e l s  Reference 2 which p r e s e n t s  a similar a n a l y s i s  f o r  
high-speed e n t r i e s .  
those presented i n  Reference 2. 
The r e s u l t s  presented i n  t h i s  r e p o r t  are s i m i l a r  t o  
2. METHOD OF APPROACH 
T h i s  s e c t i o n  d i s c u s s e s  t h e  methods used t o  develop t h e  p a r t i a l s  presented 
i n  t h i s  r e p o r t .  The fol lowing subsec t ions  d e s c r i b e  t h e  math model, t he  
i n i t i a l  cond i t ions ,  t h e  comparisons used t o  de te rmine , the  p a r t i a l s ,  and t h e  
method of p re sen t ing  the  p a r t i a l s .  
2 .1  MATH MODEL 
The b a s i c  math model used i n  t h i s  a n a l y s i s  is t h e  Apollo Reentry Simula- 
t i o n  Program, v e r s i o n  4 (ARS04), Reference 3 .  
s imula t ing  both t h e  e n t r y  guidance system as programmed on t h e  command mod- 
u l e  computer (CMC) and t h e  a c t u a l ' t r a j e c t o r y .  
be  i n i t i a t e d  independent ly  of one ano the r ,  w i th  subsequent p o s i t i o n  and 
v e l o c i t y  components being c a l c u l a t e d  independent ly .  The only i n t e r f a c e s  
This  mode1, is  capable  of 
The two sets of equat ions  may 
between t h e  two sets of equat ions  are t h e  aerodynamic body f o r c e s .  
are c a l c u l a t e d  by t h e  t r a j e c t o r y  equat ions  and are used as i n p u t s  t o  t h e  
guidance r o u t i n e .  
These 
I n i t i a l i z a t i o n  e r r o r s  were in t roduced  by i n i t i a t i n g  t h e  guidance equa- 
t i o n s  wi th  a s ta te  v e c t o r  which w a s  d i f f e r e n t  from t h e  t r a j e c t o r y  equat ion  
i n i t i a l i z a t i o n  v e c t o r .  
a c c e l e r a t i o n s  c a l c u l a t e d  by t h e  t r a j e c t o r y  equat ions  be fo re  they w e r e  used 
by t h e  guidance r o u t i n e .  
.' 
11 v e h i c l e  Z-platform a x i s  gyroscope al ignment .  
w a s  programmed f o r  a Block I v e h i c l e .  
change f o r  v a r i o u s  terms a f f e c t i n g  t h e  d r i f t  rate about t h e  Z-platform a x i s .  
The genera l ized  equat ions  used i n  t h e  IMU e r r o r  model are presented  i n  Appen- 
d i x  A. 
2.2 INITIAL CONDITION DATA 
IMU hardware e r r o r s  w e r e  introduced by a l t e r i n g  the 
T h e  b a s i c  &SO4 IMU math model w a s  modified t o  compensate f o r  t h e  Block 
The b a s i c  ARS04 IMU model 
The mod i f i ca t ion  r e s u l t e d  i n  a s i g n  
-- 
*c 
The e n t r y  v e c t o r  from t h e  Apollo 9 mission w a s  assumed t o  be a nominal 
low speed e n t r y  v e c t o r  and w a s  used i n  t h i s  a n a l y s i s .  
were generated f o r  fou r  t a r g e t  ranges ,  i .e. ,  r e l a t i v e  ranges of 1250, 1500, 
Splashdown d i spe r s ions  
d 
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2000, and 2500 n a u t i c a l  m i l e s .  The 
n e c e s s i t a t e d  a d j u s t i n g  t h e  v e l o c i t y  
c o r r i d o r .  Entry f l i gh t -pa th  angles  
d i s t a n c e s  between t h e s e  t a r g e t  ranges 
v e c t o r ' s  p o s i t i o n  w i t h i n  t h e  e n t r y  
were chosen as descr ibed  i n  
Reference 4 to be compatible wi th  t h e  t a r g e t  range and e n t r y  v e l o c i t y .  
The state v e c t o r s  and t a r g e t s  used i n  t h i s  a n a l y s i s  are presented i n  
Table  1 along w i t h  t h e  v e h i c l e  cons t an t s  and environment. 
2.3 DEFINITIC@4 OF COORDINATE SYSTEMS 
Th i s  subsec t ion  d e f i n e s  t h e  coord ina te  systems i n  which t h e  p a r t i a l  
d e r i v a t i v e s  are presented.  Two sets of p a r t i a l s  are presented f o r  t h e  
i n i t i a l i z a t i o n  e r r o r s .  One set  desc r ibes  t h e  range d i f f e r e n c e s  a t  splash-  
down i n  t h e  t o p o c e n t r i c  coord ina te  system due t o  a u n i t  e r r o r  i n  t h e  o r b i t  
p lane  coordinate system. The o t h e r  set desc r ibes  t h e  range  d i f f e r e n c e s  i n  
t h e  t o p o c e n t r i c  coord ina te  system due t o  a u n i t  e r r o r  i n  t h e  platform 
coord ina te  system. 
B con ta ins  t h e  mathematical  d e r i v a t i o n  of t h e  topocen t r i c  and o r b i t  plane 
coord ina te  svstems. 
These coord ina te  systems are def ined  below and Appendix 
2.3.1 Navigation Reference Frame (Platform Coordinate System) 
P r i o r  t o  l i f t - o f f , t h e  guidance p la t form i s  re leased  t o  hold a f ixed  
a t t i t u d e  i n  iner t ia l  space. 
vertical  (down), t h e  X-platform a x i s  along t h e  h o r i z o n t a l  pointed downrange 
a t  an azimuth of 72.0 degrees  east of t r u e  nor th ,  and t h e  Y-axis completes 
t h e  right-handed coord ina te  system. 
be a l igned  p r i o r  t o  t h e  d e o r b i t  burn wi th  t h e  X-axis along t h e  nega t ive  
t h r u s t  vec to r  (-A 1, t h e  Y-axis i n  t h e  -AT x R 
of t h e  space c r a f t  a t  r e t r o f i r e ) ,  and t h e  Z-axis completing t h e  right-handed 
coord ina te  system. 
The Z-platform is  al igned along t h e  l o c a l  
For r e e n t r y , t h e  platform w i l l  nominally 
-f + -f 
d i r e c t i o n  (R i s  t h e  p o s i t i o n  
T G G 
2.3.2 Topocentr ic  Coordinate System 
The comparison v e c t o r s  def ined  i n  Sec t ion  2.4 were c a l c u l a t e d  from t h e  
s imula t ions  i n  t h e  platform coord ina te  system j u s t  def ined:  however, a more 
meaningful r e p r e s e n t a t i o n  is  used f o r  p re sen ta t ion  of t h e  p a r t i a l s .  The 
comparison v e c t o r s  are r o t a t e d  i n t o  a topocen t r i c  coord ina te  system wi th  
d i r e c t i o n s  u', v ' ,  and w ' ,  where u '  is downrange, v' is  crossrange,  and 
w' is  al t i tude.  
sented i n  t h e  t o p o c e n t r i c  coord ina te  system. 
P a r t i a l s  f o r  both i n i t i a l i z a t i o n  and IMU e r r o r s  are pre- 
2 . 3 . 3  O r b i t  P l a n e  Coordinate  System 
The guidance p o s i t i o n  and v e l o c i t y  e r r o r s  a t  e n t r y  may be  expressed i n  
a n  o r b i t  p l a n e  c o o r d i n a t e  system wi th  d i r e c t i o n s  u,  v ,  and w: u i s  along 
t h e  r a d i u s  v e c t o r  d i r e c t e d  upward, v is  d i r e c t e d  downrange i n  t h e  o r b i t  
plane, (formed by t h e  p o s i t i o n  and v e l o c i t y  v e c t o r s  a t  e n t r y ) ,  and w is 
normal t o  the o r b i t  plane.  
2 .4  DEFINITION OF COMPARISON VECTORS 
i 
Since the guidance equat ions c a l c u l a t e  nav iga t ion  (NAV) state v e c t o r s  
independently of t h e  a c t u a l  (ACT) t r a j e c t o r y  equat ions of motion, t h e  
guidance and a c t u a l  t r a j e c t o r y  state v e c t o r s  w i l l  d i f f e r  a t  drogue chute  
deployment. Thus, when comparing a per turbed case t o  t h e  nominal, t h e r e  
were f o u r  touchdown v e c t o r s  t o  b e  compared. The most s i g n i f i c a n t  com- 
----2---- L -  I., ,J, ch,, F-..* .rnmf-nro Tlfir~. 
J,,ULLY"I.Y -v  Y1 ...--- I--..---- ------ ---- .-----I 
1) How w e l l  could t h e  per turbed nav iga t ion  t r a j e c t o r y  s imula t e  t h e  
r e s u l t i n g  a c t u a l  t r a j e c t o r y  (NAV-ACT) 
2) How w e l l  could t h e  per turbed nav iga t ion  t r a j e c t o r y  s imula t e  t h e  
nominal unperturbed a c t u a l  t r a j e c t o r y  (NAV-NOM) 
3 )  How w e l l  d i d  t h e  a c t u a l  t r a j e c t o r y  r e s u l t i n g  from a per turbed 
n a v i g a t i o n  t r a j e c t o r y  approximate t h e  nominal unperturbed a c t u a l  
t r a j e c t o r y  (ACT-NOM) 
No  s imu la t ion  w i l l  h i t  t h e  p r e c i s e  t a r g e t  due t o  a cond i t ion  which e x i s t s  
c a l l e d  "overcontrol" o r  "undercontrol." These c o n t r o l  e f f e c t s  are due t o  
such f a c t o r s  as t h e  s i m p l i f i e d  t r a j e c t o r y  equa t ions  i n  t h e  guidance rou t ine ,  
t h e  l a r g e  computation cycle of t h e  guidance r o u t i n e  ( 2  seconds),  and t h e  
t i m e  l a g  between i s suance  of t h e  r o l l  command and a c q u i s i t i o n  of t h e  proper 
bank ang le .  These c o n t r o l  e f f e c t s  are non-linear f u n c t i o n s  of t h e  guidance 
e r r o r s  and t h e  presence of t h e s e  c o n t r o l  e r r o r s  i n  comparisons 2 and 3 
above causes  t h e i r  non- l inea r i ty  . 
d 2-3 
Comparison 1 above w a s  determined t o  be t h e  most in format ive  s i n c e  
t h i s  comparison of p a r t i a l s  does not  c o n t a i n . t h e  c o n t r o l  e f f e c t s .  
f a c t  i s  i l l u s t r a t e d  i n  the  mathematieal  d e r i v a t i o n  of t h e  comparison 
This  
v e c t o r s  presented i n  Appendix C. 
I 
3. RESULTS 
The r a n g e  p a r t i a l s  w i th  r e s p e c t  t o  i n i t i a l i z a t i o n  and IMU e r r o r s  and t h e  
e r r o r s  used to determine t h e  p a r t i a l s  are presented i n  t h i s  s e c t i o n .  
3.1 RANGE PARTIALS DUE TO IFUJ ERRORS 
Touchdown d i s p e r s i o n s  were generated f o r  one sigma ( lo )  v a l u e s  of INU 
e r r o r s  taken from Reference 5. 
one ano the r  and no a t t empt  w a s  made t o  couple  t h e  e f f e c t s .  
are de f ined  in Table 2. 
the IMU errors. 
These e r r o r s  were t r e a t e d  independently of 
The IMU e r r o r s  
Also presented i n  Table 2 are t h e  l c ~  va lues  of  
The p a r t f a l s  formed by d iv id ing  t h e  l o  touchdown d i s p e r s i o n  by t h e  IMLJ 
e r r o r  magnitude are presented i n  Table 3. 
by t h e  p a r t i a l s  c o r r e l a t e s  a covariance ma t r ix  of I M U  e r r o r s  w i t h  range 
d i s p e r s i o n s  at drogue chute  deployment. 
t h u s ,  only tbe p a r t i a l s  r e s u l t i n g  from p o s i t i v e  e r r o r  sou rce  are presented.  
The t ransformation ma t r ix  formed 
The NAV-ACT d i s p e r s i o n  is l i n e a r ;  
- - -  * T A T '  a T m d  - - A  A P r . - A T n M  A i e n o r c i n n c  DT.P nnnlinPar 2nd arp  ?rPsPnf-Pd based On 
Illt: I " L l " - I " " L L  LIllU Z L V I  L I V I I  U-uy-"" --- 
both t h e  p o s i t i v e  and nega t ive  e r r o r  sources .  
3. z RANGE PARTIALS DUE TO INITIALIZATION ERRORS 
Touchdown d i s p e r s i o n s  were generated f o r  i n i t i a l i z a t i o n  e r r o r s  of t h e  
same magnitude as those  used i n  Reference 2 .  
p la t form coord ina te s  are: 
These e r r o r s  expressed i n  
x = +10,000.0 f t .  X = - +10.0 f t / s e c  
P - P 
Y = +10,000.0 f t .  Y = - +1a.o f t / s e c  
z = +10,000.0 f t .  Z = - +10,0 f t / s e c  
P 
P 
- P 
P - 
The errors were taken independently of one ano the r  and no at tempt  w a s  
made t o  coup le  t h e  e f f e c t s .  
The p a r t i a l s  are formed by d i v i d i n g  t h e  d i s p e r s i o n s  by t h e  a p p r o p r i a t e  
The t r ans fo rma t ion  m a t r i x  of t h e s e  p a r t i a l s  c o r r e l a t e s  a e r r o r  magnitude. 
covariance m a t r i x  of i n i t i a l i z a t i o n  e r r o r s  a t  t h e  e n t r y  i n t e r f a c e  with range 
d i s p e r s i o n s  at drogue deployment. 
1 3-1 
These p a r t i a l s  are presented i n  Table 4 .  Due t o  t h e  l i n e a r i t y  of t h e  
NAV-ACT d i s p e r s i o n ,  only t h e  p a r t i a l  der ived from t h e  p o s i t i v e  e r r o r  sou rce  
are presented.  
are presented f o r  t h e  NAV-NOM and ACT-NOM p a r t i a l s ,  s i n c e  t h e  r e s u l t i n g  
d i s p e r s i o n s  are non-linear.  
P a r t i a l s  based upon bo th  p o s i t i v e  and n e g a t i v e  e r r o r  sources  
d 3-2 
APPENDIX A 
IMU ERROR MODEL 
Two types of IMU e r r o r s  were s t u d i e d ,  i .e . ,  gyroscope (gyro) e r r o r s  and 
acceierometer e r r o r s .  The gyros determine t h e  i n e r t i a i  platform coordinate  
system; thus,  a misalignment of t h e  gyro causes a misalignment of t h e  p l a t -  
form coord ina te  axes.  
ment a n g l e  i n  t h e  fol lowing manner: 
e ( i )  = THETAP(i) + W(i) t 
The e r r o r s  de f ined  i n  Table 2 a f f e c t  t h e  misalign- 
and 
where 
W ( i ) , ' =  GCDR(i) +.GSAU(i) a' A ( 1 )  - -  + G I A U ( i )  ' A(2) 
+ G A N I ( i )  e A(1)  A(2) 
6 ( i )  = ith gyro misalignment about t h e  inpu t  a x i s  
-_... t-h - . -  1 .  
A ( 1 )  = Acce le ra t ion  along t h e  ith gyro inpu t  a x i s  
A ( 2 )  = Acce le ra t ion  along t h e  ith gyro s p i n  a x i s  
THETAP(i) = ith gyro i n i t i a l  misalignment a n g l e  
G C D R ( i )  = ith gyro uncompensated d r i f t  ra te  
G S A U ( i )  = ith gyro d r i f t  rate due t o  a c c e l e r a t i o n  along i t s  
W i l l  = I gyLV U L l L L  L d L t :  U U U U L  L I I G  L l l p U L  dALD 
i n p u t  ax is  
G I A U ( i )  = ith gyro d r i f t  ra te  due t o  a c c e l e r a t i o n  along i ts  
s p i n  a x i s  
GANI(i) = ith gyro d r i f t  rate due t o  a c c e l e r a t i o n  along i ts  ' 
i npu t  and s p i n  axes 
The accelerometer e r r o r s  def ined i n  Table 2 a f f e c t  t he  sensed acceler- 
a t i o n  received by t h e  guidance r o u t i n e  i n  t h e  fol lowing manner: 
3 
_-a A ( i )  = 1 
~II 
EPS ( i , j )  * A ( j )  
j =1 d 
and 
... 
V 
2 A-1 
3 
A(i) = 3(i) +(l.O + SF(i)] * A(i) + QUAD(i) A2(i) 
where 
A(i) = corrected acceleration along the ith gyro input axis 
A(j) = sensed acceleration along the jth gyro input axis 
EPS(i,j) = accelerometer misalignment 
B(i) = accelerometer bias 
SF(i) = accelerometer scale factor error 
QUAD (i) = accelerometer non-linearity 
i 
A- 2 
APPENDIX B 
MATHEMATICAL DERIVATION OF THE TOPOCENTRIC 
AND ORBIT PLANE COORDINATE SYSTEM 
This  appendix p r e s e n t s  t h e  mathematics used t o  relate t h e  topocen t r i c  
and o r b i t  p lane  coord ina te  systems t o  t h e  platform coord ina te  system, 
Topocentric Coordinate System 
The topocen t r i c  coord ina te  system ( u ' ,  v ' ,  w') is a right-handed system 
centered a t  t h e  nominal touchdown po in t  ( a l t i t u d e  = 23,500 f e e t ) ,  as seen  
i n  Figure B-1. 
poin t .  
taneous v e h i c l e  p o s i t i o n s  a t  e n t r y  i n t e r f a c e  (R ) and touchdown (R ) 
expressed i n  naviga t ion  coord ina tes .  
The nominal touchdown is t h e  zero  pe r tu rba t ion  touchdown 
The d i r e c t i o n  of t h e  coord ina tes  are c a l c u l a t e d  from t h e  ins tan-  
E I  TD 
To convert  a v e c t o r  i n  t h e  naviga t ion  coord ina te  system (x N' YN' 'N) 
t o  t h e  topocen t r i c  coord ina te  system ( u ' ,  v ' ,  w ' ) , t he  following mat r ix  
m u l t i p l i c a t i o n  is used: 
d B-1 
Orb i t  Plane Coordina te  System 
Since t h e  cova r i ance  m a t r i x  a t  e n t r y  i n t e r f a c e  may be  given i n  t h e  
o r b i t  plane coord ina tx  system (see Figure  B-1) i t  w a s  necessary  t o  express  
t h e  p a r t i a l  d e r i v a t i v e s  i n  t h e  o r b i t  p l ane  coord ina te  system. 
p lane  coord ina te  system is  a right-handed system centered  a t  the e n t r y  i n t e r -  
face. 
(R) and v e l o c i t y  (V) s f  t h e  v e h i c l e  a t  t h e  e n t r y  i n t e r f a c e .  
The o r b i t  
The d i r e c t i o n s  of t h e  coord ina te s  are c a l c u l a t e d  from t h e  p o s i t i o n  
03-61 
To convert  t h e  p a r t i a l  d e r i v a t i v e s  ([D]) based on e r r o r s  i n  t h e  navi- 
ga t ion  coord ina te  system t o  e r r o r s  expressed i n  t h e  o r b i t  p lane  coord ina te  
system, i t  was necessa ry  t o  perform t h e  fol lowing ma t r ix  m u l t i p l i c a t i o n :  
rD1orbi t -  p l a n e  = m,,, [MI (B-8) 
where 
V W 
X X 
V W 
Y Y  
V W z z 
%x 
X 
3 
1 B-2 
A 
ORBIT PLANE 
COORDINATE SYSTEM 
TOPOCENTRIC 
COORDINATE SYSTEM 
(TOUCHDOWN VECTOR) 
Figure B-1. O r b i t  Plane and Topocentric Coordinate Systems 
APPENDIX C 
RELATIONSHIP BETWEEN ENTRY AND TOUCHDOWN ERRORS 
In t roduc t ion  
The r e l a t i o n s h i p  between touchdown e r r o r s  and e n t r y  e r r o r s  i s  discussed 
i n  t h e  fol lowing paragraphs along w i t h  t h e  reasoning and assumptions t h a t  
l e d  t o  t h i s  r e l a t i o n s h i p .  For t h i s  a n a l y s i s ,  r e f e r  t o  F igu re  C-1. 
Approach Taken f o r  t h e  Analysis  
j 
Note t h a t  only t h e  d i s p e r s i o n s  i n  t h e  downrange and c ross range  d i r e c t i o n s  
are t o  be  considered. 
+- A h 
Define: P = u '  u' I- v' v' (C-1) 
+- 
where: P = t h e  p o s i t i o n  v e c t o r  i n  t h e  t o p o c e n t r i c  coord ina te  system a t  
touchdown ( a l t i t u d e  = 23,500 f e e t ) ,  no t  including t h e  a l t i t u d e  
component. 
L.LUDi)LCll l~C U L L C L L I U 1 L D 3 )  LeapcLLLvcLy.  
The coord ina te s  ( u ' ~  v ' )  are i n  t h e  downrange and 
,. . .  . .  .. 
The b a s i c  assumption t o  b e  taken i n  t h i s  a n a l y s i s  w i l l  b e  t h a t  of 
small p e r t u r b a t i o n s  of phys i ca l  parameters.  
duced which w i l l  cause t h e  guidance system t o  " lose c o n t r o l  completely" and 
m i s s  t h e  t a r g e t  by a l a r g e  d i s t a n c e .  I f  no p e r t u r b a t i o n  e r r o r s  are i n t r o -  
duced (nominal e n t r y )  i n t o  t h e  s imula t ion ,  then t h e  d i f f e r e n c e  between t h e  
nav iga t ion  v e c t o r  and t h e  t a r g e t  v e c t o r  a t  touchdown is  due t o  ove rcon t ro l  
No p e r t u r b a t i o n s  w i l l  be i n t r o -  
o r  undercontrol .  This  d i f f e r e n c e  is  -1P c , o '  
-. 
e30 
+ A S  -% - +- 'tar Then: P nav , o 
where t h e  s u b s c r i p t  "o" denotes  nominal cond i t ions .  
The a c t u a l  v e c t o r  a t  touchdown ( f o r  t h i s  nominal e n t r y )  w i l l  d i f f e r  from 
t h e  nav iga t ion  computed v e c t o r  because of t h e  approximations made i n  t h e  
guidance equat ions.  This d i f f e r e n c e  is  IP . . . 
n,o 
+- -f 
Then: P = P  + A? n, 0 act ,o  nav,o ( c - 3 )  
Since  P is  t h e  nominal touchdown p o i n t ,  +- P is equal  t o  -& P
-% 
a c t , o  -& nom a c t , o '  
S u b s t i t u t i n g  f o r  P equat ion  C-3 becomes: nav,o'  
c 
For a p e r t u r b a t i o n  case ,  t h e  computed naviga t ion  touchdown vector w i l l  
d i f f e r  f r o m  t h e  t a r g e t  v e c t o r  by AP 4 due t o  c o n t r o l  e r r o r s ,  or: 
C 
+- 4 '  
= P + A $  
nav t a r  C 
P 
and t h e  a c t u a l  touchdown v e c t o r  w i l l  d i f f e r  from t h e  nav iga t ion  v e c t o r  by 
t h e  nominal (AP 
i 
) i n  a d d i t i o n  t o  t h e  e r r o r  induced by t h e  pe r tu rba t ion  
" I  
n,o . 
-+ = P  -f + A $  + A $  
'act nav n ,  0 
Pact 'tar n, 0 
P 
- -+ + ASc + A% C 6 i - 
P 
o r  : 
Equacions C-2, C - 4 ,  L - 3 ,  and C-7 are used to  form the  t h r e e  compar- 
i s o n  v e c t o r s .  The fo l lowing  d e f i n i t i o n s  are used i n  t h e  a n a l y s i s :  
-f 
NOM = Pnom ; Equation C-4 
-f 
; Equation C-5 
; Equation C-7 
'nav NAV = 
ACT = Pact 
- + -  
1 )  To form t h e  NAV-NOM v e c t o r :  
4 4 i 
P - P  = P  + A ?  - P  - AP - AP 
-+ +- -f 
nav nom tar  C tar  c , o  n ¶  0 
-f 
The presence of APc and A$ i n  t h e  above equat ion  causes  t h e  non- 
C ¶ O  
l i n e a r i t y  of t h i s  v e c t o r .  From equat ions  C-2 and C-5 
r 
-f i -+ 4 = P  - P  4 4 4 
+ ' tar nav nav , o C ¶ O  nav 'tar nav , o - - P  ' ASc - AP -= P 
-6- 
S u b s t i t u t i n g  equatSon C-9 i n t o  C-8 :  
-% 4 -f -f - - P  - A? - P  
nom 'nav nav , o n ,o  'nav 
(C-10) 
3 
2) To form t h e  NAV-ACT v e c t o r :  
3 3 3 3 3 3 3 - AP - AP - AP - = P + ASc - Ptar P 
C n ,o  P nav 'act tar  
+ A? ) -4. 
= -(APn,o P 
(C-11) 
To f i n d  t h e  e f f e c t  of only t h e  i n i t i a l i z a t i o n  o r  IM[J e r r o r , i t  i s  necessary  
t o  s u b t r a c t  from equat ion  C-11 t h e  NAV-ACT v e c t o r  f o r  t h e  nominal case: 
3 3 3 - AP - AP -AP (C-12) 
'tar c , o  n,o n,  0 'tar C Y 0  
+ A f :  - 3 - 3 3 - P  nav,o a c t , o  P 
Sub t rac t ing  C-12 from C-11:  
3 3 3 3 3 3 3 3 - - ) = -AP - AP + = -AP 
('nav 'act) - ('nav,o Pact,  0 n,  0 P P 
(C-13) 
3 
In equa t ion  6-11 t h e  e f f e c t  of APc w a s  cance l l ed  as w a s  t h e  e f f e c t  of 
The c a n c e l l a t i o n  of t h e s e  two v e c t o r s  causes t h e  A? 
NAV-ACT comparison v e c t o r  t o  be  l i n e a r .  
i n  equat ion  C-12. 
c , o  
3) To form t h e  ACT-NOM vec tor :  
(C-14) 
' S u b s t i t u t i n g  equat ion C-9 i n t o  equat ion  C-14: 
P 
+ A? 3 + -  3 3 e - P  'act nom 'nav nav , o - P  (C-15) 
3 
This comparison v e c t o r  is  a l s o  non l inea r  due t o  t h e  presence of AP 
A$ 
and 
C 
i n  i ts  d e r i v a t i o n  (equat ion C-14). 
C,O 
Due t o  t h e  l i n e a r i t y  of t h e  NAV-ACT v e c t o r , t h e  following may be assumed: 
A$ = p Axn + p Ay + p Az + p Agn + p ai! a$ a$ a$ a$ 
a2 n n a xn aYn azn n P 
af :  
a i  
+_E A i *  
n 
\ 
(C-16) 
where 
(Axny Ak,) The amount by which t h e  nav iga t ion  x-platform compon- 
en t  of t h e  p o s i t i o n  v e c t o r  and v e l o c i t y  v e c t o r  is  
r e s p e c t i v e l y  per turbed i n  t h e  CMC. 
c- 3 i 
(by,, The amount by which t h e  nav iga t ion  y-platform component 
of t h e  p o s i t i o n  v e c t o r  and v e l o c i t y  v e c t o r  is respec- 
t i v e l y  per turbed i n  t h e  CMC. 
(nZn, AS ) The amount by which t h e  nav iga t ion  z-platform component 
of t h e  p o s i t i o n  v e c t o r  and v e l o c i t y  v e c t o r  i s  respec- 
t i v e l y  per turbed i n  t h e  CMC. 
n 
-?- 
Separa t ing  t h e  v e c t o r  AP i n t o  i t s  downrange and c ross range  componen 
equat ion (C-16) can be  r ep resen ted  by t h e  fol lowing ma t r ix  no ta t ion :  
P 
a u t  a u t  aut auv 
n n 
a z  a i  a$n ai 
n n n ax a n 
1 
a u t  a u t  
az 
- -  
For the DIU e r r o r s  equat ion C-16 takes t h e  form: 
!tS 
(C-17) 
where a ( i )  is t h e  IMU e r r o r  source and Aa(i> i s  t h e  e r r o r  magnitude. 
When consider ing fMu e r r o r s  equat ion C-17 takes t h e  form: 
(C-19) 
The p a r t i a l s  shown i n  equa t ions  C-17 and C-19 w e r e  determined and are 
shown i n  Tables 3 and 4 f o r  1250, 1500, 2000, and 2500 n a u t i c a l  m i l e  ranges,  
Small p e r t u r b a t i o n s  f o r  t h e  s e n s i t i v e  parameters are assumed i n  t h e  
above a n a l y s i s  s i n c e  extrememly l a r g e  parameter p e r t u r b a t i o n s  r e s u l t  i n  
two problems. The f i r s t  i s  t h a t  t h e  CMC s imula t ion  l o s e s  c o n t r o l .  The 
second is  t h a t  i n  some s imula t ions  the  nav iga t ion  computed a l t i t u d e  may 
d i f f e r  by a l a r g e  amount from t h e  a l t i t u d e  a t  a c t u a l  drogue deployment. 
This cond i t ion  p r e s e n t s  t h e  nav iga t ion  c o r r e c t i o n  l o g i c  wi th  erroneous d a t a  
causing over o r  under c o r r e c t i o n s  which may be termed due t o  t h e  geometric 
e f f e c t .  
i c-4 
i 
. ,?
PERTURB ED ACTUAL 
TOUCHDOWN POlN 
+AF ) 
n f o  P 
NOMINAL ACTUAL 
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NOM I NAL NAVIGATION 
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Figure  C-1. Rela t ion  Between Splashdown Poin ts  
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